A mercuric ion-reducing Aavoprotein was purified from Thiobacillus ferrooxidans TFI 29 by using dye-matrix affinity chromatography. The isolated enzyme had a molecular weight of 13OO00 and was composed of two subunits (54000 and 62000). The visible absorbance spectrum of the oxidized enzyme had a maximum at 455nm. Upon addition of NADPH a new absorbance at 540 nm appeared, which was attributed to a charge transfer complex. The K , for mercuric chloride was determined to be 8.9 VM and the enzyme was shown to have a turnover number of 746 min-per FAD. A comparison of these physical properties, as well as metal ion inhibition and pH profiles, indicate that the enzyme from T. ferrooxidans is very similar in structure and function to mercuric reductases isolated from other bacterial sources.
INTRODUCTION
The chemoautotrophic bacterium Thwbacillus ferrooxidans has become an important industrial micro-organism which is used primarily in the leaching of low-grade copper-and uranium-containing ores (Brierley, 1978) . Although it can grow under very acidic conditions using only reduced sulphur or iron (Fe2 + ) as an energy source, the sensitivity of T. ferrooxidans to mercury salts (Norris & Kelly, 1978) may limit the usefulness of this micro-organism under field conditions. It was, therefore, of interest when Olson et al. (1981) reported the isolation of a T. ferrooxidans strain which was resistant to Hg2+ at concentrations up to 5 p~. In another report (Olson et al., 1982) , the mercury resistance was shown to be due to the presence of a mercuric reductase enzyme which was capable of reducing Hg2 + to HgO. Although no attempt was made to purify the protein, cell-free extracts of this strain were shown to have many properties similar to the mercuric reductase previously isolated from plasmid-bearing strains of Pseudomoms (Furukawa & Tonomura, 1972; Tezuka & Tonomura, 1976; Fox & Walsh, 1982) and Escherichia coli (Izaki et al., 1974; Schottel, 1978; Rinderle et al., 1983) . However, antisera against the purified mercuric reductases from E. coli and Pseudomoms (which inactivated mercuric reductase from a number of different sources) did not inactivate the enzyme from T. ferrooxidans, suggesting significant differences (Olson et al., 1982) . In order to clarify the significance of these observations, we have purified the mercuric reductase from T. ferrooxidans TFI 29. The results presented demonstrate that this enzyme is similar in structure and function to the mercuric reductase previously described.
J . E. BOOTH AND J . W. WILLIAMS cells were harvested after depletion of 70% of the available Fez + by using a Pellicon cassctte system (Millipore) with 0.45 pm filters. Final yield was 12-6 g (wet wt) of cells, which were stored at -20 "C.
Enzyme preparation. The cells were thawed. washed stveral times in 50 m 4 i u m phosphate (PH 7-0). containing 0.5 m -E D T A and 0-2 m-MgSO,, resuspended in 50 ml of this buffer, and disrupted by two passages through a French pressure cell at 1400 kg Cell debris was then removed by centrifuging at 48OOOg for 15 min. Further purification steps were similar to the procedure of Fox & Walsh (1982) with the exception that 0.2 M-KCI was added to the buffer used to wash the Orange A Matrcx gel affinity column.
Mercuric reductast from E. cdi was prepared according to the procodwe of Rinderlc et d. (1983) .
Enzyme assuys. Reaction mixtures contained 50mrr-sodium phosphate, pH7.0, 100pf-HgCI2, 1 0 0 p -NADPH, 0-5 nua-EDTA, and 1.0 mw-mcrcaptoethand in a total volume of 2.5 ml at 30 "C. The reactions were initiated by the addition of 0-01405 ml of enzyme and the demeasc in absorbance was continuously monitored at 340 nm. A unit is defined as that amount of enzyme which catalyses the formation of 1 p o l NADP+ in 1 min.
Prorein concentration. This was determined by the Lowry method. The concentration of mercuric reductase was determined from the tlavin content, using an extinction cocfficient of 11.3 m-' an-' at 456 nm.
Molecular weighr &terminorion. This was done by the method of Andrew (1964) using a column (0.9 x 30 cm) of Sephacryl S-200cquilibratcd in 50 xm-sodium phosphate buffer (PH 7-0). The column was calibrated with alcohol dchydrogenasc (yeast, 141 OOO), glutathione rcductasc (yeast, 101 OOO), and serum albumin (bovine, 68OOO). The subunit molecular weight was determined by SDSPAGE by using the pnxxdure of Webcr & Osborn (1969) and BieRad (Richmond, Calif., USA) )ow molecular weight standards.
RESULTS
Enzyme puri$cation Using a procedure similar to that described by Fox & Walsh (1982), we were able to purify the enzyme from T.ferrooxiduns to homogeneity with a good overall yield (92"h. The key to the purification was the Orange A Matrex gel affinity column which was washed exhaustively with 0.2 M-KCl and finally eluted with NADPH. The results of a purification (12.6 g wet wt bacteria) are summarized in Table 1 . The enzyme prepared in this manner was stable at 4 "C after extensive dialysis in order to remove any excess NADP+/NADPH.
The molecular weight of the purified enzyme was determined to be 130000 f 10% by gel filtration. Electrophoresis of the enzyme on SDS polyacrylamide gels showed two protein bands with molecular weights of 54OOO and 62000 (Fig. 1) . The results indicate that mercuric reductase from T. ferrooxidans is most closely associated with the dimeric class of mercuric reductase as proposed by Silver & Kinscherf (1982) . The presence of two protein bands on SDS polyacrylamide gels corresponding to mercuric reductase appears to be a common characteristic of the enzyme, since two bands were also observed in both the E. coli (Schottel, 1978 ; Jackson & Summers, 1982) and the Pseudomoms (Fox & Walsh, 1982) preparations. Although both bands are equally active (Fox & Walsh, 1982) , the smaller protein appears to represent the product of post-translational proteolytic cleavage (Jackson & Summers, 1982) . The significance of the cleavage is not yet understood.
Spectroscopic properties
The spectrum of the oxidized mercuric reductase from T. fmooxidam is characteristic of a flavoprotein with an absorbance maximum at 455 nm (Fig. 2) . Upon the anaerobic addition of an excess of NADPH (Fig. 2, curve B) , the absorbance at 455 nm decreased by about 30% and the absorption maximum shifted to a lower wavelength. Also, a new absorption maximum appeared at 540 nm. The further addition of an excess of methyl mercury (methyl mercury is not a substrate, but binds at the active site: Marshall et d., 1983) eliminated the absorption at 540 nm (data not shown). Similar spectral changes have been observed with mercuric reductase from E. coli and Pseudomoms (Fox & Walsh, 1982; Rinderle et al., 1983) . The identity of the enzymebound flavin was verified as FAD by measuring the change in fluorescence upon the addition of snake venom phosphodiesterase to a solution of boiled (and filtered) enzyme. The fluorescence increased seven-to eightfold as would be expected when FAD is cleaved to FMN (Weber, 1950) .
These results indicate that mercuric reductase from T. ferrooxidans, like the enzyme from other sources, belongs to a group of flavoproteins all of which contain a redox-active disulphide in their active site (Williams, 1976) . During catalysis, these enzymes cycle between the 'fully oxidized (E) and 2-electron reduced (EH,) forms. In most cases, the EH2 form is characterized by a charge transfer complex between a thiolate anion of a cysteine residue and the oxidized FAD which has an absorption at 530-540 nm (Williams, 1976) . The charge transfer complex was also present in the reduced mercuric reductase from T. ferrooxidans (Fig. 2) , thus demonstrating the mechanistic similarities between these enzymes. The fact that methyl mercury eliminated the absorption at 540 nm (due to binding to the thiolate anion in the active site) supports this conclusion. 
Kinetic properties
Mercuric reductase from T. fewmxidans under standard assay conditions, (see Methods) followed normal Michaelis-Menten kinetics, yielding a K, for HgClz of 8.9 +_ 0.8 p~ and a turnover number (V,,,) of 746 & 20 min-' per FAD. Table 2 shows a comparison of these kinetic constants with values determined for mercuric reductase from Pseudomonas and E. coli. If EDTA was omitted from the reaction mixture, the kinetics of NADPH oxidation were distinctly biphasic, which has also k n Seen with mercuric reductase from other sources (Fox & Walsh, 1982;  Rinderle et a!., 1983). Although NADPH was the preferred substrate, 25% of the reaction rate could be obtained with an equal concentration of NADH.
The metal ion specificity of the mercuric reductase was also determined. Although none of the metal salts tested were found to be substrates for the enzyme, some metal ions were shown to be effective inhibitors (Table 3 ). The most notable inhibition was shown by copper and silver salts, while ferric and cobalt chloride also showed some inhibition. Other compounds which were tested but had no inhibitory effect under the conditions used were CdC12, MnSO,, ZnSO,, NiSO,, FeSO,, Pb(acetate) , and Na2Cr2O7.
Finally, the pH activity profiles of mercuric reductase from T. ferrooxiduns and E. coli were determined (Fig. 3) . The enzyme from both sources had a typical bell-shaped profile covering a broad pH range. The maximum enzymic activity occurred at about pH 7-5 in both cases.
DISCUSSION
In almost every mercury resistant strain studied to date, the resistance has been found to be associated with the flavoprotein mercuric reductase, which reduces Hg2 + to HgO. In this report, we demonstrate that mercury resistance in T. ferrooxiduns TFI 29 is also due to a mercuric reductase which is similar to those previously described in Pseudomonas and E. coli. The most notable difference between mercuric reductase from T. ferrooxiduns and the enzyme from other bacteria appears to be its metal ion specificity. Cu2 + , Cu + and Ag + are strong inhibitors of all the enzymes tested. Cd2 + does not inhibit the T. ferrooxiduns mercuric reductase, but is a strong inhibitor of the E. coli enzyme. Similarly Co2+ and Fe3+ were found to be inhibitors of the T. ferrooxiduns enzyme, but had no effect on the enzyme from E. coli (Rinderle et al., 1983) . These results suggest that there are subtle, yet significant, differences between mercuric reductases from these two sources. This is verified by the immunological results reported earlier (Olson et al., 1982) .
Mercuric reductase in other bacteria has been associated with the presence of plasmids or transposons (Weiss et ul., 1978) . Although this has not yet been shown to be the case with T. ferrooxiduns TFI 29, this organism is known to contain three plasmids of different molecular weights (Martin et ul., 1981) . The identification of mercury resistance (a selectable marker) with one of these plasmids would be a significant advance in developing recombinant DNA technology for this micro-organism.
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